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It is found that in presence of electroweak interactions the gauge covariant diagonalization of
the axial-vector – pseudoscalar mixing in the effective meson Lagrangian leads to a deviation from
the vector meson and the axial-vector meson dominance of the entire hadronic electroweak current.
The essential features of such a modification of the theory are investigated in the framework of
the extended Nambu-Jona-Lasinio model with explicit breaking of chiral U(2) × U(2) symmetry.
The Schwinger-DeWitt method is used as a major tool in our study of the real part of the relevant
effective action. Some straightforward applications are considered.
I. INTRODUCTION
At low energies, the strong and electroweak interac-
tions of mesons can be described by effective chiral La-
grangians [1–13]. The hadronic part of these Lagrangians
can be constructed explicitly in terms of meson variables,
or by using microscopic theories of quarks with sub-
sequent bosonization. The Nambu-Jona-Lasinio (NJL)
model [14, 15], reinterpreted in terms of the quark fields
[5, 16, 17], is one of such microscopic approaches. The
effective chiral Lagrangians are known as a means for the
treatment of the approximate chiral symmetry of QCD in
the study of particle physics. In particular, in [9, 16, 17]
chiral symmetry was found to confirm the phenomenolog-
ically successful ideas of vector meson dominance (VMD)
[18–24], axial-vector dominance of the charged hadronic
weak current, and vector/axial-vector universality.
The idea of the existence of the isoscalar vector ω-
meson was suggested by Nambu to explain the behaviour
of the isoscalar part of the electromagnetic nucleon form
factor [18]. A bit later, Frazer and Fulco have predicted
the isovector vector states, the ρ-mesons, and have shown
that the γ → ρ0 → NN¯ transition can describe the
isovector part of the nucleon form factor. These discov-
eries are the cradle of the vector dominance idea. Soon
after that [20–22] the idea has been elaborated to apply to
all electromagnetic interactions of hadrons. An explicit
statement of the meaning of vector dominance in the lan-
guage of a local Lagrangian field theory has been sug-
gested by Kroll, Lee, and Zumino in [23] in the following
form: ”To a very good approximation the entire hadronic
electromagnetic current operator is identical with a linear
combination of the known neutral vector-meson fields”.
For the theories originally formulated in terms of quark
fields it means that vector fields can be introduced in such
a way that direct interactions of photons with quarks
vanish. As a result, the theory does not have direct cou-
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plings of mesons with photons except for the ω, ρ0, φ→ γ
transitions. A similar statement can be formulated in re-
lation with the charged hadronic weak current, where the
charged axial-vector mesons may play a dominant role in
the description of the weak interactions of hadrons. It
has been also realized [24] that universality is a direct
consequence of the complete dominance of the vector ρ0
meson in the isovector form factor.
Recently attention was drawn to the need of gauge
covariant pseudoscalar - axial-vector (p − aµ) diagonal-
ization of the effective meson Lagrangian in presence of
electromagnetic interactions [25, 26]. The standard re-
placement
aµ → aµ + κm∂µp (1)
[where κ is a constant, m is the constituent quark mass,
aµ = aµaτa, p = paτa with a = 0, 1, 2, 3, τ0 = 1, and τi
(i = 1, 2, 3) are the Pauli matrices] ruins the U(1) gauge
covariant transformation properties of the axial-vector
field
aµ → a′µ = eieαQaµe−ieαQ, (2)
where α(x) is a local phase, and gives rise to all sorts
of gauge symmetry breaking. As an example, it has
been shown that the amplitude of the anomalous decay
a1(1260) → γpi+pi− is not gauge invariant if the stan-
dard approach is used. It has been also noticed that a
covariant diagonalization
aµ → aµ + κmDµp, (3)
where Dµp = ∂µp − ieAµ[Q, p], and Aµ is the electro-
magnetic field, leads to a gauge invariant result, but the
price is a deviation from the VMD picture [the covari-
ant derivative induces a coupling of the quark-antiquark
pair with the charged pseudoscalar and the photon fields,
which is the source of the new non VMD type electro-
magnetic interactions]. This result has physical conse-
quences, and therefore should be very carefully scruti-
nized.
In this context, let us also recall the old result of
the paper [27], based on the general solutions of the
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2Wess-Zumino anomaly equation which incorporate vec-
tor mesons as dynamical gauge bosons of the hidden local
symmetry in the nonlinear chiral Lagrangian. The au-
thors have found that the ”complete vector meson dom-
inance” hypotesis of photon couplings is invalid in either
pi0 → γγ or γ → pipipi processes. The covariant diago-
nalization provides us with an additional reasoning ac-
cording to which the VMD is not the whole story for
electromagnetic interactions of mesons.
In the present paper we extend the idea of covariant
diagonalization to the case of electroweak interactions
governed by the non-abelian group of local SU(2)L ×
U(1)R symmetry. For that, as in [25, 26], we use the
NJL Lagrangian with the global U(2)L × U(2)R chiral
symmetric spin zero and spin one four-quark forces. Such
extension is not so straightforward as one might expect
from the pure electromagnetic case. Indeed, one cannot
modify Eq. (3) by simply replacing the U(1) covariant
derivative Dµp by the corresponding SU(2)L × U(1)R
gauge covariant derivative of the pseudoscalar field.
First, one should find the U(2)L × U(2)R chiral co-
variant analog for the derivative ∂µp, and only after that
replace the usual derivatives by the gauge covariant ones.
Fortunately, this step is known [28, 29], but it requires
the following modifications both of the axial-vector and
the vector fields. In the spontaneously broken phase the
replacement has the form
aµ → aµ + κ
2
({p, ∂µs¯} − {s¯, ∂µp}) (4)
vµ → vµ + i κ
2
([p, ∂µp] + [s¯, ∂µs¯]) , (5)
where the scalar field s in the Nambu-Goldstone vacuum
is given by s¯ = s − m. Notice that the two bilinear
combinations of scalar and pseudoscalar fields transform
like axial-vector and vector fields and are chiral partners
with respect to the linear transformations of the chiral
group.
As a second step, one should show that these bilin-
ear combinations, after the replacement of usual deriva-
tives of meson fields by the gauge covariant ones, possess
the gauge covariant transformation laws that preserve
the SU(2)L×U(1)R gauge symmetry of the Lagrangian.
Only then can one be sure that the gauge symmetry of
the electroweak interactions is properly incorporated in
the effective meson Lagrangian.
All these steps are considered in the present paper in
detail. As a result, we obtain the effective Lagrangian
which describes the electroweak interactions of mesons
in accord with the gauge symmetry requirements. The
various phenomenological applications of this Lagrangian
will be considered elsewhere.
The purpose of this paper is to exhibit a Lagrangian
theory in which the effective electroweak interactions of
mesons may deviate from the phenomenologically suc-
cessful ideas of VMD and axial-vector dominance due to
the p− aµ mixing and gauge symmetry requirements. In
Sec. II we recall the construction of the SU(2)L×U(1)R
gauge covariant derivative of the quark fields and describe
the version of the NJL model with U(2)L ×U(2)R chiral
symmetric interactions which is used in our studies. In
Sec III we construct the gauge transformations of meson
fields and compare them with their chiral transforma-
tions. In Sec. IV we find the gauge covariant derivatives
of pseudoscalar and scalar fields. In Sec. V we show
that the gauge covariant replacement of vector and ax-
ial vector fields violates neither gauge nor chiral symme-
tries, solving the problem of pi−a1 diagonalization of the
chiral Lagrangian. In Sec. VI we show that covariant
diagonalization adds to the standard picture of vector
(axial-vector) dominance a set of new interactions while
keeping the old results unchanged. Here we also obtain
the neutral hadronic weak current, which has not been
considered in [9]. In Sec. VII we bosonize the theory by
using the Schwinger-DeWitt method to derive the one-
quark-loop contribution to the real part of the effective
action in the long-wavelength approximation. The one
photon interactions following from the total effective La-
grangian are considered in Sec. VIII. Here we present
three useful examples which show the common features
and differences between covariant and non-covariant eval-
uation of the electromagnetic vertices γpipi, a1γpi, and the
ρ0 → γpi+pi− decay amplitude. In Sec. IX the one Z bo-
son part of the Lagrangian is considered. Here we show
some parity-violating processes with the isospin change
∆I = 1. The hadronic charged weak current is shown in
Sec. X. In Sec. XI we summarize our results and dis-
cuss the possible role of the non VMD (and axial-vector
dominance) electroweak contributions for the theory.
II. ELECTROWEAK-QUARK LAGRANGIAN
Our starting point is the following quark NJL La-
grangian density with the global U(2)R × U(2)L chiral
symmetric four-quark interactions, which also possesses
the gauge SU(2)L ×U(1)R symmetry of the electroweak
interactions
L = q¯(iγµDµ − mˆ)q + LS + LV + LEW , (6)
LS = (GS/2)
[
(q¯τaq)
2 + (q¯iγ5τaq)
2
]
, (7)
LV = −(GV /2)
[
(q¯γµτaq)
2 + (q¯γµγ5τaq)
2
]
, (8)
LEW = Lgauge + LHiggs + LFP + gauge fixing. (9)
Here, in the notation of the quark fields q(x) the color
and flavor indices are suppressed. The quark part of the
Lagrangian density includes both spin-0 and spin-1 four-
quark couplings with dimensional constants GS and GV
correspondingly; the matrix mˆ has equal diagonal ele-
ments mˆu = mˆd corresponding to the current masses
of u and d quarks in the isospin limit; τa = (τ0, ~τ) for
a = 0, 1, 2, 3, where τ0 is a 2 × 2 unit matrix, and ~τ are
the SU(2) Pauli matrices; γµ are the standard Dirac ma-
trices in four dimensions. The covariant [with respect to
the action of the gauge group of the electroweak interac-
tions] derivative of quarks is given by
Dµq = [∂µ − igAµPL − ig′Bµ(Q− T3PL)] q, (10)
3where the matrix Q = T3 + YL = 1/2(τ3 + 1/3) accu-
mulates the electromagnetic charges of u and d quarks
in relative units of the proton charge e > 0; Aµ = A
i
µTi
and Bµ are gauge fields of the SU(2)L and U(1)R groups
of local transformations, correspondingly; Ti = τi/2;
PL,R = (1∓ γ5)/2.
The physical variables Zµ,Aµ of the neutral gauge
fields can be introduced through the orthogonal trans-
formation
Zµ = cos θWA
3
µ − sin θWBµ,
Aµ = sin θWA3µ + cos θWBµ, (11)
where the Weinberg angle θW is defined by the couplings
of electroweak interactions cos θW = g/
√
g2 + (g′)2, and
sin θW = g
′/
√
g2 + (g′)2. The charged physical states of
gauge fields are W±µ =
(
A1µ ∓ iA2µ
)
/
√
2.
The covariant derivative of the quark field can be
rewritten in terms of the physical states as follows
Dµq =
[
∂µ − ieQAµ − igZµ
cos θW
(
T3PL − sin2 θWQ
)
− igPL
(
T+W
+
µ + T−W
−
µ
)]
q, (12)
where T± = (T1 ± iT2)/
√
2, and sin2 θW = 0.23.
In the following, we will not use the Lagrangian density
LEW . For this reason its expression is not given. The
term ”gauge fixing” there contains the Faddeev-Popov
ghosts and the corresponding gauge fixing terms.
The Lagrangian density L is of the symmetry breaking
type, in the sense that starting from some critical value of
GS the minimum of the effective potential occurs for non-
zero values of 〈q¯q〉 6= 0 and the constituent quark mass m.
This is the chiral symmetry breaking phenomenon. In the
non-symmetric vacuum, the physical spectrum contains
qq¯ bound states. Therefore, it is convenient to introduce
meson variables in the corresponding functional integral
explicitly. This can be done by transforming the nonlin-
ear interactions of quarks to the Yukawa interactions of
quarks with auxiliary boson fields
S[Aµ, Zµ,W±µ ] =
∫
[dq][dq¯][dsa][dpa][dvaµ][daaµ]
× exp i
∫
d4x (q¯ Dmq + LM + LEW ) . (13)
Here Dm is the Dirac operator in presence of background
fields
Dm = iγ
µDµ −m+ s+ iγ5p+ γµvµ + γµγ5aµ. (14)
The scalar, pseudoscalar, vector and axial vector fields
are s = saτa, p = paτa, vµ = vaµτa, aµ = aaµτa. LM
describes the meson mass part of the Lagrangian density
LM =− 1
4GS
tr
[
(s−m+ mˆ)2 + p2]
+
1
4GV
tr
(
v2µ + a
2
µ
)
, (15)
where the trace is taken over flavor indices.
The spontaneous symmetry breakdown leads to the
mixing of the pseudoscalar, p, and axial-vector, aµ, fields
through the one quark loop. The mixing term occurs to
be proportional to tr(aµ∂µp). To avoid mixing one usu-
ally redefines the axial-vector field by the replacement
(1), where the coupling κ is unambiguously fixed to avoid
mixing. This conventional method has the advantage of
putting the Lagrangian in a useful form in the most eco-
nomic and practical way possible. However, this does
not work when the Lagrangian possesses both the chiral
and the gauge symmetries. In this case the replacement
must not violate either symmetries, and this imposes a
very powerful restriction on the form of the second term
in (1).
We now show how to construct a chiral and gauge co-
variant replacement out of the spin-0 and gauge fields.
III. GAUGE TRANSFORMATIONS OF MESON
FIELDS
The first step toward the solution is to find the gauge
transformation law of meson fields. The SU(2)L×U(1)R
gauge group acts on the quark fields by the following
infinitesimal transformations
δqR = ieαQqR,
δq¯R = −ieαq¯RQ,
δqL = i(ω + eαYL)qL,
δq¯L = −iq¯L(ω + eαYL), (16)
where qR = PRq, qL = PLq, and α and ω = ωiTi are
the local parameters of the U(1)R and SU(2)L gauge
transformations correspondingly.
The gauge fields can easily be seen to transform under
SU(2)L × U(1)R according to
δBµ =
e
g′
∂µα, (17)
δAµ = i[ω,Aµ] +
1
g
∂µω. (18)
One can show that the Lagrangian densities LS and
LV are invariant with respect to gauge transformations.
Thus, in the chiral limit mˆ = 0, the whole Lagrangian
density (6) is gauge symmetric. As a direct consequence
of the gauge invariance of four-quark interactions, the
following expressions in (13) must be invariant too
δ [q¯(s¯+ iγ5p)q] = 0, (19)
δ [q¯γµ(vµ + γ5aµ)q] = 0. (20)
Here and in the following we use the notation s¯ = s−m.
Let us consider the consequences of the first equation
(19). Representing
s¯+ iγ5p = PL(s¯− ip) + PR(s¯+ ip), (21)
4and observing that PLPR = 0, one can conclude that the
left and right components should be invariant indepen-
dently, i.e.,
δ [q¯R(s¯− ip)qL] = 0, δ [q¯L(s¯+ ip)qR] = 0. (22)
It follows then that
δs¯ = i[θ, s¯] + {β, p}, (23)
δp = i[θ, p]− {β, s¯}, (24)
where the new set of local parameters has been intro-
duced
θ =
1
2
(ω + eαT3) , (25)
β = −1
2
(ω − eαT3) . (26)
The transformation laws for the spin-1 fields can be
obtained in a similar way yielding
δvµ = i[θ, vµ] + i[β, aµ], (27)
δaµ = i[θ, aµ] + i[β, vµ]. (28)
In these notations the gauge transformations remind
us of the usual chiral laws, but with local parameters.
The lesson taught by these calculations is that the
gauge covariant structure differs from the chiral one
through the replacement of usual derivatives of spin-0
fields by the covariant ones. Because the chiral covari-
ant replacement (4) contains the derivatives of the pseu-
doscalar and scalar fields, one has to learn how to con-
struct covariant derivatives of the spin-0 fields under the
action of the SU(2)L × U(1)R gauge group.
IV. GAUGE COVARIANT DERIVATIVES OF
SPIN-0 FIELDS
Having at hand the meson fields which transform un-
der a gauge SU(2)L × U(1)R group in a definite way,
we proceed to the second step. Our task now is to de-
rive the gauge covariant derivatives of pseudoscalar and
scalar fields. We can find them by using the known quark
content of the variables pa and sa, introduced above as a
result of the bosonization. The details can be found, for
instance, in [30, 31].
The covariant derivative of the pseudoscalar field pa ∝
iq¯γ5τaq can be derived by using our knowledge of the
covariant derivative of the quark field. This gives
Dµpa = iDµq¯γ5τaq + iq¯γ5τaDµq
= iDµq¯LτaqR + iq¯LτaDµqR
− iDµq¯RτaqL − iq¯RτaDµqL
= ∂µpa − g(q¯LAµτaqR + q¯RτaAµqL)
+ g′Bµ(q¯LτaT3qR − q¯RT3τaqL)
= ∂µpa − g
2
q¯ ({Aµ, τa}+ γ5[Aµ, τa]) q
+
g′
2
Bµq¯ ({T3, τa} − γ5[T3, τa]) q
= ∂µpa − 1
2
q¯ ({gAµ − g′BµT3, τa}
+ γ5[gAµ + g
′BµT3, τa]) q. (29)
This result can be put in the more suggestive form
Dµp = Dµpaτa = ∂µp− i[Nµ, p]− {Kµ, s¯}, (30)
where we have introduced the auxiliary fields
Nµ =
1
2
(gAµ + g
′BµT3) , (31)
Kµ =
1
2
(gAµ − g′BµT3) . (32)
In terms of physical gauge variables, one finds
Dµp = ∂µp− ig
2
[
T+W
+
µ + T−W
−
µ + T3
cos 2θW
cos θW
Zµ, p
]
−ieAµ[Q, p]− g
2
{
T+W
+
µ + T−W
−
µ +
T3Zµ
cos θW
, s¯
}
. (33)
The covariant derivative of the scalar field can be ob-
tained in a similar way. The result is
Dµs¯ = ∂µs¯− i[Nµ, s¯] + {Kµ, p}. (34)
Both derivatives are gauge covariant, because it is
easy to show that they transform like the ordinary pseu-
doscalar (24) and scalar (23) fields under SU(2)L×U(1)R
δDµp = i[θ,Dµp]− {β,Dµs¯}, (35)
δDµs¯ = i[θ,Dµs¯] + {β,Dµp}. (36)
In order to show this it is useful to consider the transfor-
mation laws of Nµ and Kµ under the action of the gauge
group
δNµ =
i
2
[ω,Nµ +Kµ] + ∂µθ, (37)
δKµ =
i
2
[ω,Nµ +Kµ]− ∂µβ. (38)
In summary: gauge covariant derivatives have the
structure of chiral-covariant derivatives. Thus, if in the
chiral-invariant expression we replace the usual deriva-
tives by the gauge covariant ones, the result will be gauge
and chiral invariant.
V. GAUGE COVARIANT DIAGONALIZATION
Let us recall now, that the chiral-covariant version of
the replacement (1) has been worked out in [28]. It has
been shown there that the covariant redefinition of the
axial-vector field cannot be done without a corresponding
change in its chiral partner, i.e., the vector field. This is a
direct consequence of the linear realization of chiral sym-
metry. As a result, it has been found that two bilinear
combinations of scalar and pseudoscalar fields transform
5like axial-vector and vector fields and are chiral partners.
We will use this result, but to extend it to be covariant
under transformations of the gauge group, we replace the
usual derivatives of spin-0 fields by the gauge covariant
ones. Thus, to avoid the p−aµ mixing, instead of (4) we
will use the following replacement
aµ → aµ + κ
2
Yµ, (39)
vµ → vµ + κ
2
Xµ, (40)
where
Xµ = i ([p,Dµp] + [s¯,Dµs¯]) , (41)
Yµ = {p,Dµs¯} − {s¯,Dµp}. (42)
One can check that X†µ = Xµ and Y
†
µ = Yµ.
The coupling of Xµ and Yµ with quarks has a gauge
and a chiral invariant form. Indeed, let us show the gauge
covariant property of these chiral partners. For that we
consider first how Xµ transforms under the action of the
gauge SU(2)L × U(1)R group:
δXµ =i[i[θ, p]− {β, s¯},Dµp]
+i[p, i[θ,Dµp]− {β,Dµs¯}]
+i[i[θ, s¯] + {β, p},Dµs¯]
+i[s¯, i[θ,Dµs¯] + {β,Dµp}]. (43)
Now, we use the various Jacobi identities
[[θ, p],Dµp] + [p, [θ,Dµp]] = [θ, [p,Dµp]], (44)
[[θ, s¯],Dµs¯] + [s¯, [θ,Dµs¯]] = [θ, [s¯,Dµs¯]], (45)
[{β, s¯},Dµp]− [s¯, {β,Dµp}] = [β, {s¯,Dµp}], (46)
[p, {β,Dµs¯}]− [{β, p},Dµs¯] = −[β, {p,Dµs¯}]. (47)
This gives
δXµ = i[θ,Xµ] + i[β, Yµ]. (48)
That agrees well with (27).
Let us consider now the gauge transformation of Yµ
δYµ =− {i[θ, s¯] + {β, p},Dµp}
− {s¯, i[θ,Dµp]− {β,Dµs¯}}
+ {i[θ, p]− {β, s¯},Dµs¯}
+ {p, i[θ,Dµs¯] + {β,Dµp}}. (49)
Also, applying the Jacobi identities
{[θ, s¯],Dµp}+ {s¯, [θ,Dµp]} = [θ, {s¯,Dµp}], (50)
{[θ, p],Dµs¯}+ {p, [θ,Dµs¯]} = [θ, {p,Dµs¯}], (51)
{{β, p},Dµp} − {p, {β,Dµp}} = [β, [p,Dµp]], (52)
{{β, s¯},Dµs¯} − {s¯, {β,Dµs¯}} = [β, [s¯,Dµs¯]], (53)
we find
δYµ = i[θ, Yµ] + i[β,Xµ]. (54)
This is precisely the transformation law satisfied by the
axial-vector field (28).
The diagonalization (39) and (40) has the following
consequences. First, it changes the form of the Dirac
operator by introducing a set of linear and nonlinear in-
teractions of mesons and gauge bosons with quarks
Dm → Dm = iγµDµ + s¯+ iγ5p+ γµ(vµ + γ5aµ)
+
κ
2
γµ(Xµ + γ5Yµ). (55)
The latter can be rewritten in a more convenient way
as follows
Dm = iγ
µ∂µ + s¯+ iγ5p+ γ
µΓµ, (56)
where
Γµ = Γ
(V )
µ + γ5Γ
(A)
µ (57)
and
Γ(V )µ = vµ + eQAµ +
gZµ
2 cos θW
(
T3 −Q sin2 θW
)
+
g
2
(
T+W
+
µ + T−W
−
µ
)
+
κ
2
Xµ, (58)
Γ(A)µ = aµ −
gT3Zµ
2 cos θW
− g
2
(
T+W
+
µ + T−W
−
µ
)
+
κ
2
Yµ. (59)
Second, after replacements (39) and (40), the La-
grangian density (15) gets some vertices with interac-
tions. We will consider this point later on in detail.
VI. VECTOR AND AXIAL-VECTOR MESON
DOMINANCE
The vector and axial-vector meson dominance is a nat-
ural consequence of the extended NJL model, provided
that the p − aµ diagonalization is made in accord with
Eq.(1). The covariant diagonalization adds to this pic-
ture a set of new interactions while keeping the old results
unchanged. To show this let us eliminate the Yukawa in-
teractions of the photon, Z and W± bosons with quarks.
In the case of the vector fields, we have to avoid only
the linear interactions of Aµ, Zµ and W±µ induced by the
covariant derivative of quarks Dµq. The vector Xµ is
quadratic [at least] in boson fields and, therefore, does
not contain such terms. We see that the replacement
vµ → vµ − eQAµ − gZµ
2 cos θW
(
T3 −Q sin2 θW
)
− g
2
(
T+W
+
µ + T−W
−
µ
)
(60)
leads to the desired result. This replacement has the
following isospin content
v0µ → v0µ −
e
6
Aµ + gZµ sin
2 θW
12 cos θW
,
v3µ → v3µ −
e
2
Aµ − g
4
cos θWZµ,
v±µ → v±µ −
g
4
W±µ . (61)
6In the axial-vector case, the combination Yµ contains
a linear term with Zµ and W
±
µ . This is the second term
in the following expression
Yµ = 2m∂µp+ 2gm
2
(
T3Zµ
cos θW
+ T+W
+
µ + T−W
−
µ
)
+ O(field2). (62)
It should be subtracted by the appropriate redefinition
of the axial-vector field together with the corresponding
terms from Dµq. The replacement
aµ → aµ + gA g
2
(
T3Zµ
cos θW
+ T+W
+
µ + T−W
−
µ
)
, (63)
where gA = 1− 2κm2, yields the desired result. In com-
ponents, it has the following content
a0µ → a0µ,
a3µ → a3µ +
ggAZµ
4 cos θW
,
a±µ → a±µ + gA
g
4
W±µ . (64)
These replacements change Γµ accordingly
Γ(V )µ → Γ(V )µ = vµ +
κ
2
Xµ, (65)
Γ(A)µ → Γ(A)µ = aµ +
κ
2
Yµ
− κgm2
(
T3Zµ
cos θW
+ T+W
+
µ + T−W
−
µ
)
. (66)
One can see that Γµ still contains the gauge fields inside
the covariant derivatives in Xµ and Yµ. This is a signal
that the theory may lead to some deviations from the
vector and axial-vector dominance, because Γµ is directly
coupled to quarks.
We obtain that similar changes occur in the original
mass term of spin-1 fields (15) where the above redefini-
tions induce the replacements
vµ → v˜µ = vµ + κ
2
Xµ − eQAµ
− gZµ
2 cos θW
(
T3 −Q sin2 θW
)
− g
2
(
T+W
+
µ + T−W
−
µ
)
,
aµ → a˜µ = aµ + κ
2
Yµ
+ gA
g
2
(
T3Zµ
cos θW
+ T+W
+
µ + T−W
−
µ
)
. (67)
From that we have
tr
(
v˜2µ
)
= tr
[(
vµ +
κ
2
ξµ
)(
vµ +
κ
2
ξµ + κΞµ
)]
−2eAµ
(vµ0
3
+ vµ3 +
κ
2
ξµ3
)
+
gZµ
cos θW
[vµ0
3
sin2 θW −
(
vµ3 +
κ
2
ξµ3
)
cos2 θW
]
−g
[
W+µ
(
v−µ +
κ
2
ξµ−
)
+W−µ
(
v+µ +
κ
2
ξµ+
)]
+
(
κΞµ+ − g
2
W+µ
)(
κΞµ− − g
2
W−µ
)
+
1
18
(
gZµ
2 cos θW
sin2 θW − eAµ
)2
+
1
2
(
κΞ3 − eAµ − g
2
Zµ cos θW
)2
, (68)
and
tr
(
a˜2µ
)
= tr
(
aµ +
κ
2
Yµ
)2
+
ggAZµ
cos θW
(
aµ3 +
κ
2
Yµ3
)
+ggA
[
W+µ
(
a−µ +
κ
2
Yµ−
)
+W−µ
(
a+µ +
κ
2
Yµ+
)]
+
1
4
g2g2A
(
W+µ W
−
µ +
Z2µ
2 cos2 θW
)
. (69)
Here we use the following conventions [additionally to
Eqs. (41) and (42)]:
Xµ = ξµ + Ξµ, ξµ = i ([p, ∂µp] + [s, ∂µs]) ,
Yµ = ζµ + Ψµ, ζµ = {p, ∂µs¯} − {s¯, ∂µp}. (70)
It is assumed that these four-vectors are imbedded into
the Lie algebra of the U(2) group as follows ζµ = ζµaτa.
We emphasize that the second order electroweak contri-
butions ∼ e2, eg or g2 play an important role to protect
the gauge symmetry of the vector dominance approach.
A simple example showing the details of such mechanism
has been considered by Sakurai in [24].
Let us extract from (68) and (69) only the terms of the
second order in powers of fields. For that, from ζµ’s and
Ψµ’s one should keep the following terms
ζµ0 = 2m∂µp0 +O(field2),
ζµ3 = 2m∂µp3 +O(field2),
ζµ± = 2m∂µp± +O(field2),
Ψµ3 = gm
2 Zµ
cos θW
+O(field2),
Ψµ± = gm2W±µ +O(field2). (71)
Combining (68), (69) with (71) we find that
LM → 1
4GV
{
tr[v2µ + (aµ + κm∂µp)
2]
− 2eAµ
(
v0µ
3
+ v3µ
)
+
gZµ
cos θW
×
(
v0µ
3
sin2 θW − v3µ cos2 θW + a3µ + κm∂µp3
)
− g [W+µ (v−µ − a−µ − κm∂µp−)+ h.c.]
+
5
9
e2A2µ +
g2
4
W+µ W
−
µ
+
g2Z2µ
8 cos2 θW
(
1 + cos4 θW +
1
9
sin4 θW
)
+
e
2
gZµAµ
(
cos θW − sin
2 θW
9 cos θW
)}
. (72)
7Or, after the standard redefinition of the meson fields [see
Eqs. (90) - (92)], we arrive at the conventional vector and
axial-vector meson dominance results
Lγ = −e
m2ρ
gρ
Aµ
(ωµ
3
+ ρ0µ
)
, (73)
LW± = g2W
±
µ
[
m2ρ
gρ
(
a∓1µ − ρ∓µ
)
+ fpi∂µpi
∓
]
, (74)
including mixing of the Z boson with the neutral vector,
axial-vector mesons and the pion
LZ = gZµ
2 cos θW
[
m2ρ
gρ
(ωµ
3
sin2 θW − ρ0µ cos2 θW + a01µ
)
+ fpi∂µpi
0
]
. (75)
Eq. (73) summarizes the U(2) field-current identities, de-
scribing electromagnetic VMD phenomena. Eq. (74) rep-
resents the corresponding result for the charged hadronic
weak current. Eq. (75) shows weak mixing of neutral
spin-1 states with the Z boson.
Thus, in the covariant approach, the theory contains
both the vertices of the standard vector and axial-vector
dominance picture (73)-(75), and the vertices of the non
VMD type, originated through the Γµ term (65)-(66) in
the effective quark-meson Lagrangian.
VII. SCHWINGER-DEWITT EXPANSION
Our purpose now is to obtain the effective meson the-
ory defined by the vacuum-to-vacuum transition ampli-
tude (13), where the operator Dm, after all replacements,
is given by
Dm = iγ
µ∂µ + s¯+ iγ5p+ γ
µ
(
Γ(V )µ + γ5Γ
(A)
µ
)
. (76)
Here, Γ
(V )
µ and Γ
(A)
µ are given by Eqs. (65) and (66).
Let us integrate in (13) over the quark fields∫
[dq][dq¯] exp
(
i
∫
d4xq¯Dmq
)
= detDm
= exp (Tr lnDm) . (77)
The Gaussian path integral accounts for the one-quark-
loop contribution to the effective action. The result is
given by the non-local functional determinant (up to an
overall constant). The trace ”Tr” should be calculated
over color, Dirac, flavor indices and it also includes the in-
tegration over coordinates of the Minkowski space-time.
In particular, the contribution of the chiral determi-
nant to the real part of effective action is
SSD = − i
2
Tr lnD†mDm = iLSD. (78)
The consistent approximation scheme to obtain from the
non-local chiral determinant (77) the local long wave-
length (low-energy) expansion for the effective action
SSD is the Schwinger-DeWitt technique [32–34] [see de-
tails, for instance, in [31]]. We will restrict ourselves
to the first and second-order Seeley-DeWitt coefficients.
These coefficients accumulate the divergent part of the
effective action, which is regularized here by a covariant
ultraviolet cutoff Λ. Let us recall that the result of such
calculations is well known [in the sense that the only dif-
ference between the expression for Dm obtained in [31]
and Dm here is the replacement of the vector vµ and
axial-vector field aµ by Γ
(V )
µ and Γ
(A)
µ correspondingly].
Thus, we can use that result by writing
LSD = I2 tr
{
(5µs)2 + (5µp)2 − (s2 − 2ms+ p2)2
− 1
3
(v2µν + a
2
µν)
}
, (79)
where the factor I2 is given by
I2 =
Nc
(4pi)2
[
ln
(
1 +
Λ2
m2
)
− Λ
2
Λ2 +m2
]
, (80)
with Nc being the number of color degrees of freedom,
and
vµν = ∂µΓ
(V )
ν − ∂νΓ(V )µ − i[Γ(V )µ ,Γ(V )ν ]− i[Γ(A)µ ,Γ(A)ν ],
aµν = ∂µΓ
(A)
ν − ∂νΓ(A)µ − i[Γ(V )µ ,Γ(A)ν ] + i[Γ(V )ν ,Γ(A)µ ],
5µs = ∂µs− i[Γ(V )µ , s]− {Γ(A)µ , p},
5µp = ∂µp− i[Γ(V )µ , p] + {Γ(A)µ , s¯}. (81)
The total effective Lagrangian density is the following
sum
Ltot = L1 + L2 + LSD + LEW , (82)
where LSD and LEW are given by Eqs. (79) and (9)
correspondingly, and
L1 = − mˆ
4mGS
tr
(
s2 + p2
)
,
L2 = 1
4GV
tr
(
v˜2µ + a˜
2
µ
)
. (83)
Some comments about formula (82) are still in order.
To get this Lagrangian density we have used the gap
equation
m− mˆ = mGSI1, (84)
where
I1 =
Nc
2pi2
[
Λ2 −m2 ln
(
1 +
Λ2
m2
)]
. (85)
It is assumed that the strength of the quark interactions
is large enough, GS > (2pi)
2/(NcΛ
2), to generate a non-
trivial, m 6= 0, solution of Eq. (84) [even if the current
quarks would be massless].
8The Lagrangian density Ltot does not contain p − aµ
mixing. This is because of the cancellation which occurs
between the following two different contributions to the
non diagonal p − aµ mixing term in Ltot. That restrict
the numerical value of the parameter κ to
1
2κ
= m2 +
1
16GV I2
. (86)
Indeed, from L2 one finds
L2 = 2κm
4GV
tr (aµ∂µp) + . . . (87)
The other contribution is induced by LSD. The term
with (5µp)2 is responsible for it
LSD = I2tr(5µp)2 + . . . = I2tr (gA∂µp− 2maµ)2 + . . .
= −4mgAI2tr (aµ∂µp) + . . . (88)
As a result one obtains
L1 + LSD → 2m
(
κ
4GV
− 2gAI2
)
tr (aµ∂µp) = 0 (89)
This sum can be zero only if the expression in parenthesis
is zero. This yields (86).
The free part of the Lagrangian density Ltot must dis-
play a canonical form. This can be done by the redefini-
tion of the fields
s = gσσ, p = gpipi, (90)
v0µ =
gρ
2
ωµ, a
0
µ =
gρ
2
f1µ, (91)
~vµ =
gρ
2
~ρµ, ~aµ =
gρ
2
~a1µ. (92)
The effective constants gσ, gpi, gρ and masses of meson
states are functions of the I2 and the constant Z = g
−1
A
g2σ =
1
4I2
, g2pi = Zg
2
σ, g
2
ρ = 6g
2
σ, (93)
m2pi =
mˆg2pi
mGS
, m2σ = 4m
2 + gAm
2
pi, (94)
m2ρ = m
2
ω =
3
8GV I2
, (95)
m2a1 = m
2
f1 = m
2
ρ + 6m
2. (96)
To complete this section let us present LSD in a form
where the electroweak part of the Schwinger-DeWitt con-
tribution is explicitly separated from the pure strong in-
teractions of mesons. This gives us a clear picture of the
contributions to the weak hadronic current beyond the
vector and axial-vector meson dominance. We will ex-
tract only the leading order terms in powers of the elec-
troweak couplings. After some algebraic manipulations
we obtain
LSD = I2 tr
{
(5µs)2 + (5µp)2 − (s2 − 2ms+ p2)2
− 1
3
(v2µν + a
2
µν)− κ5µs
({Ψµ, p}+ i[Ξµ, s])
+ κ5µp
({Ψµ, s¯} − i[Ξµ, p])
+
2κ
3
vµν
(
∂νΞµ + i[Ξµ, vν +
κ
2
ξν ]
+ i[Ψµ, aν +
κ
2
ζν ]
)
+
2κ
3
aµν
(
∂νΨµ
+ i[Ξµ, aν +
κ
2
ζν ] + i[Ψµ, vν +
κ
2
ξν ]
)}
+ O(g2). (97)
Here, only the first four terms represent the pure strong
interactions of mesons. The terms proportional to κ de-
scribe the interactions of gauge bosons with clusters of
mesons. So, the corresponding hadronic electroweak cur-
rent is a non linear function in meson fields. In (97) we
show only the terms which are of order g in electroweak
interactions. The higher order terms are not the goal
of the present work, but they should be considered, for
instance, if one would study two photon interactions, or
τ -decays into mesons with one or more photons in the
final state. We use the following notations for the pure
hadron contributions
5µs = ∂µs− i[vµ + κ
2
ξµ, s]− {aµ + κ
2
ζµ, p}, (98)
5µp = ∂µp− i[vµ + κ
2
ξµ, p] + {aµ + κ
2
ζµ, s¯}, (99)
vµν = ∂µ
(
vν +
κ
2
ξν
)
− ∂ν
(
vµ +
κ
2
ξµ
)
− i[vµ + κ
2
ξµ, vν +
κ
2
ξν ]
− i[aµ + κ
2
ζµ, aν +
κ
2
ζν ], (100)
aµν = ∂µ
(
aν +
κ
2
ζν
)
− ∂ν
(
aµ +
κ
2
ζµ
)
− i[vµ + κ
2
ξµ, aν +
κ
2
ζν ]
+ i[vν +
κ
2
ξν , aµ +
κ
2
ζµ]. (101)
The Ξµ, and Ψµ are linear functions in electroweak
fields
Ψµ = Ψµ − 2gm2
(
T3Zµ
cos θW
+ T+W
+
µ + T−W
−
µ
)
. (102)
VIII. ONE PHOTON ELECTROMAGNETIC
INTERACTIONS
To make our result more transparent, we will present
here the electromagnetic part of the entire effective me-
son Lagrangian density at leading order in e, which we
put in the standard form
Lem = eAµjemµ . (103)
The hadronic electromagnetic current, jemµ , depends on
meson fields. For convenience, the current jemµ will be
presented in the form where we introduce two useful ma-
trices. The first one collects a set of meson fields which
9interact with the electromagnetic field as it follows from
the matrix Ξµ, i.e., Ξµ → 4eAµΞem, where
Ξem =
(
−(p+p− + s+s−) 1√
2
(p+p3 + s
+s3)
1√
2
(p−p3 + s−s3) (p+p− + s+s−)
)
. (104)
The second matrix contains the meson fields which
come together with the electromagnetic field from Ψµ,i.e.,
Ψµ → 4ieAµΨem, where
Ψem =
(
p+s− − p−s+ 1√
2
(p+s¯0 − p0s+)
1√
2
(p0s
− − p−s¯0) p+s− − p−s+
)
.
(105)
Using these notations, we can write jemµ as follows
jemµ =
1
2GV
tr
[
2iκΨem
(
aµ +
κ
2
ζµ
)
−
(
vµ +
κ
2
ξµ
)
(Q− 2κΞem)
]
+ 4I2tr
{
κ5µp ({iΨem, s¯} − i[Ξem, p])
− κ5µs ({iΨem, p}+ i[Ξem, s])
+ 2i
κ
3
vµν
(
[Ξem, vν +
κ
2
ξν ]
+ [iΨem, aν +
κ
2
ζν ]
)
+ 2i
κ
3
aµν
×
(
[Ξem, aν +
κ
2
ζν ] + [iΨ
em, vν +
κ
2
ξν ]
)
− 2 κ
3
(∂νvµνΞ
em + ∂νaµνiΨ
em)
}
. (106)
Although we have established Eq. (103) only to the first
order in e, the inclusion of all orders in e is possible, but
a full discussion will not be given in this paper.
A. γpipi vertex
This vertex has been considered in [26] in a slightly dif-
ferent approach. It has been shown that the VMD result
remains unchanged when one uses the covariant replace-
ment (3) to describe the electromagnetic form factor of
the pion. Our goal here is to show that the current jemµ
leads to the same conclusion, as it should be.
Indeed, extracting from 5µp only the terms relevant
for the γpipi amplitude
5µp→ ∂µp− κmζµ → gA∂µp, (107)
we find
jemµ →
iκ2
2GV
tr (Ψemζµ)− 8iκmgAI2tr (Ψem∂µp)
→ iκm
(
κ
GV
− 8gAI2
)
tr (Ψem∂µp) = 0. (108)
The second step is a consequence of Eq. (86).
Actually, jemµ contains an additional contribution to
the γpipi amplitude. It originates from the term
jemµ → −
κ
4GV
tr (ξµQ) = − κ
4GV
ξµ3, (109)
FIG. 1. The Feynman diagrams describing the non-VMD and
the VMD contributions to the γpipi vertex in the covariant
approach.
giving
L(1)γpipi = −i
eκ
2GV
Aµ
(
p+∂µp
− − p−∂µp+
)
= −ieAµ
(
pi+∂µpi
− − pi−∂µpi+
)
. (110)
The first diagram in Fig.1 corresponds to this Lagrangian
density.
Let us obtain now the contribution which is generated
by the VMD inspired mechanism applied to the ρpipi ver-
tex
Lρpipi = i
(
κ
4GV
− 2gAI2
)
tr (vµ[p, ∂µp])
− i κ
3
(1 + gA)I2 tr (v˜µν [∂µp, ∂νp]) . (111)
Here, as we already know, the expression in the first
parenthesis is zero. From the last term we extract the
contribution of the neutral ρ0-meson
Lρpipi =− i 2
3
gρκ(1 + gA)I2∂ν ρ˜
0
µν
× (p+∂µp− − p−∂µp+)+ . . . (112)
Now, the ρ0µ → Aµ transition can be taken into account
[see the second diagram in Fig.1]. This leads to the simple
replacements gρ → e, ρ0µ → Aµ. Thus, it gives
L(2)γpipi =− i
2
3
eκ(1 + gA)I2∂νFµν
(
p+∂µp
− − p−∂µp+
)
=− ie 1 + gA
2m2ρ
∂νFµν
(
pi+∂µpi
− − pi−∂µpi+
)
. (113)
where Fµν = ∂µAν − ∂νAµ. This Lagrangian density
does not contribute on the mass shell of the photon.
Notice that the sum L(1)γpipi+L(2)γpipi yields the same result
as the standard approach, where only the second diagram
contributes [this is because these two approaches lead to
different ρpipi vertices for off shell ρ-mesons]. It means
that for this specific case there is no difference between
standard and the gauge modified approach.
B. a1piγ amplitude
We now proceed to calculate the a1piγ coupling which
is described by the diagrams shown in Fig.2. To find the
10
FIG. 2. The Feynman diagrams describing the vertex
a1(1260)→ γpi in the covariant approach.
contribution of the first diagram, we should consider the
current jemµ . The relevant terms in j
em
µ are
jemµ → iκ
(
1
GV
+ 16m2I2
)
tr (Ψemaµ)
− 4iκ2
3
I2tr (∂ν a˜µνΨ
em)
=
4iκ
g2ρ
tr
[(
m2a1aµ − ∂ν a˜µν
)
Ψem
]
, (114)
where a˜µν = ∂µaν − ∂νaµ, and the following model rela-
tions have been used
1
GV
+ 16m2I2 =
4m2a1
g2ρ
,
2
3
I2 =
1
g2ρ
. (115)
Observing, that
tr (aµΨ
em)→ −m
2
tr (aµ[Q, p]) , (116)
we can write down the corresponding Lagrangian density
L(1)a1piγ = −6ie
m
g2ρ
tr
{(
aµ − ∂ν a˜µν
m2a1
)
[A¯µ, p]
}
, (117)
where A¯µ = AµQ and we have used the formula κ =
3/m2a1 , which follows from (86) and mass equations (95)
- (96).
One can obtain the VMD contribution to this process
[see Fig.2b] by considering the Lagrangian density for the
vertex a1ρ
0pi in LSD, and taking into account the ρ0µ →
Aµ transition described by Eq.(73). We leave out some
of the algebra and just write the resulting expression
LSD → L(2)a1piγ = 6ie
m
g2ρ
tr
{
aµ[A¯µ, p]
+
1
m2a1
(
a˜µν [A¯µ, ∂νp]− aµ[F¯µν , ∂νp]
)}
. (118)
Here, F¯µν = ∂µA¯ν − ∂νA¯µ. Upon integrating by parts
in the corresponding action we find that the sum of the
two contributions (117) and (118) can be expressed as
La1piγ =
6iem
g2ρm
2
a1
tr
(
aµ[∂νF¯µν , p]
)
=
iegρfpi
2m2ρ
tr
(
a1µ[∂νF¯µν , pi]
)
, (119)
where on the last step we introduced the physical fields
in accord with Eqs. (90) and (92); a1µ → ~a1µ~τ .
Since the Lagrangian density (119) vanishes on the γ-
mass-shell, we conclude that the a1piγ vertex may con-
tribute for the virtual photons. As opposed to this, that
vertex is given in the non-covariant scheme by the expres-
sion (118), which vanishes on the a1-meson mass shell.
So, in this case, we obtain a different off-shell behaviour,
however, both results are zero on the mass shell of the
photon and the a1-meson.
C. The ρ0 → γpi+pi− amplitude
Let us consider now a more sophisticated example.
This is the ρ0(p)→ γ(q)+pi+(p+)+pi−(p−) decay, where
p, q, p+, p− are the 4-momenta of the corresponding par-
ticles. Our goal is to show that the resulting amplitude
does not depend on whether one uses the covariant or the
standard approach.
In general, the decay amplitude obtains two types of
contributions. These are the emission of the photon by a
single charged pion, and gamma emission from the core
of the hadronic region.
In both models, the first process is described by the
same vertices, giving the following result
Api = egρ(1 + gA)µ(p)
∗
ν(q)
(
pµ+p
ν
−
qp−
+
pµ−p
ν
+
qp+
)
, (120)
where µ(p) and ν(q) are polarization vectors of the ρ
0-
meson and the photon, correspondingly.
Let us now turn to the emission of the photon from the
internal region. In the covariant approach, this process
is described by the diagrams shown in Fig.3. Notice the
lack of the a1-exchange: as we already know from (119)
the a1 → piγ amplitude vanishes on the mass shell of
the photon. The appropriate Lagrangian densities, in
general, contain the terms without derivatives and with
two derivatives.
The constant term of the first diagram (Fig.3a) cancels
the constant term of the second one (Fig.3b). Indeed, the
first diagram represents the contribution of the electro-
magnetic current jemµ
jemµ →
1
2GV
tr (2κvµΞ
em)
− 8κmI2tr (Ψem[vµ, p])
→ −2κ
(
1
GV
+ 16m2I2
)
vµ3p
+p−
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FIG. 3. The Feynman diagrams describing the ρ0 → γpi+pi−
amplitude in the covariant approach.
= −16I2vµ3p+p− (121)
The contribution without derivatives, described by the
second diagram, originates only from one term of the
Lagrangian density (97), namely
5µp→ −i[vµ, p]. (122)
The corresponding part of the Lagrangian density is given
by
L → −I2tr[vµ, p]2 = 16I2v2µ3p+p−. (123)
Turning on the ρ0µ → Aµ VMD transition in (123) one
can easily see that this term cancels the contact contri-
bution of the electromagnetic current (121).
The term with two derivatives from jemµ , corresponding
to the diagram of Fig.3a, is given by
L(a) = 16
3
eκI2Aµ
{
∂ν v˜µν3p
+p− + κm2[v˜µν3∂ν(p+p−)
− ∂νvµ3∂ν(p+p−)− vµ3
(
p+∂2νp
− + p−∂2νp
+
)
+ vν3
(
p+∂ν∂µp
− + p−∂ν∂µp+
)
+ ∂νvν3∂µ(p
+p−)]
}
, (124)
where v˜µν3 = ∂µvν3 − ∂νvµ3 is the strength tensor.
The two derivatives part of the second diagram (Fig.
3b) is described by the following Lagrangian density
L(b) = 16
3
eκ2m2I2Aµ
[−2vµ3∂νp+∂νp−
+ vν3
(
∂µp
+∂νp
− + ∂νp+∂µp−
)]
. (125)
After some rearrangement of derivatives and omitting
total derivatives, we obtain that the sum of these two
Lagrangians on the mass shell of the photon is
L(a) + L(b) = 8
3
eκ(1 + gA)I2Aµ∂ν v˜µν3p+p− (126)
FIG. 4. The additional Feynman diagrams describing the
VMD contribution to the ρ0 → γpi+pi− amplitude in the non-
covariant approach.
On the mass shell of the ρ0-meson ∂ν v˜µν3 = m
2
ρvµ3, and
we finally find for the sum L(a+b) = L(a) + L(b) a very
simple expression
L(a+b) = 8eI2gA(1 + gA)Aµvµ3p+p−
= egρ(1 + gA)Aµρ0µpi+pi−. (127)
This Lagrangian density leads to an additional contact
contribution to the total amplitude of the ρ0 → γpi+pi−
decay. As a result, we have
A = egρ(1 + gA)µ(p)
∗
ν(q)
(
gµν +
pµ+p
ν
−
qp−
+
pµ−p
ν
+
qp+
)
.
(128)
One can easily see that this amplitude is gauge invariant.
Indeed, replacing ∗ν(q)→ qν one finds that
µ(p)qν
(
gµν +
pµ+p
ν
−
qp−
+
pµ−p
ν
+
qp+
)
= µ(p)p
µ = 0 (129)
vanishes on the ρ0 mass shell.
Notice that the diagram Fig.3a in the covariant ap-
proach plays the role of the diagram Fig.4 in the stan-
dard case. Indeed, the standard approach gives the same
Lagrangian for the diagram Fig.3b, but does not have
the diagram Fig.3a. If we calculate the contribution of
the a1 exchange diagram (Fig.4), we find
Aa1 = egρ
1− Z
m2a1
µ(p)
∗
ν(q) {
[m2a1 + p
2 − (q + p+)2]gµν − pµ−pν+
+ [m2a1 + p
2 − (q + p−)2]gµν − pµ+pν−
}
. (130)
Combining this result with the amplitude given by the
diagram Fig.3b, we obtain the known result (127), or
after including the gamma emissions from the charged
pions the result (128).
This example helps to understand the role of non-VMD
contributions in the covariant approach: they effectively
reproduce the result of the VMD approach. One can
show [35] that this always take place if we are working
with the real part of effective action. However, one can-
not extend this statement to the imaginary part of the
action.
IX. ONE Z-BOSON INTERACTIONS
Our next goal concerns the hadronic interactions of
the neutral Z-boson. The leading order [in coupling g]
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interactions can be presented by the Lagrangian density
LZ = gZµjNµ , (131)
where jNµ is the corresponding hadron neutral current.
It is useful to introduce again two matrices which help
us to write the current jNµ . One of them is the matrix
ΞN , which is defined as
Ξ→ 2gZµ
cos θW
ΞN , (132)
where
ΞN = cos 2θWΞ
em
+
i√
2
(
0 p+s¯0 − s+p0
p0s
− − p−s¯0 0
)
. (133)
The other matrix is ΨN . It collects the hadron part of
Ψµ which is linear in Z.
Ψµ → 2gZµ
cos θW
ΨN , (134)
with
ΨN = cos 2θW iΨ
em
+
(
p0p3 +
1
2 (p
2
0 + p
2
3)
1√
2
p+p3
1√
2
p−p3 p0p3 − 12 (p20 + p23)
)
+
(
s¯0s3 +
1
2 (s¯
2
0 + s
2
3)
1√
2
s+s3
1√
2
s−s3 s¯0s3 − 12 (s¯20 + s23)
)
, (135)
and
Ψ¯N = ΨN −m2T3. (136)
The latter formula takes into account the subtraction of
Zµ term made in Eq.(102).
These notations allow us to express the current jNµ as
follows
jNµ =
1
4GV cos θW
{
2κtr
[
Ψ¯N
(
aµ +
κ
2
ζµ
)
+ ΞN
(
vµ +
κ
2
ξµ
)]
+
vµ0
3
sin2 θW
−
(
vµ3 +
κ
2
ξµ3
)
cos2 θW + aµ3 +
κ
2
ζµ3
}
+
2κI2
cos θW
tr
{5µp ({Ψ¯N , s¯} − i[ΞN , p])
− 5µs
({Ψ¯N , p}+ i[ΞN , s])+ i 2
3
vµν
×
(
[ΞN , vν +
κ
2
ξν ] + [Ψ¯
N , aν +
κ
2
ζν ]
)
+ i
2
3
aµν
×
(
[ΞN , aν +
κ
2
ζν ] + [Ψ¯
N , vν +
κ
2
ξν ]
)
− 2
3
(
∂νvµνΞ
N + ∂νaµνΨ¯
N
)}
. (137)
We emphasize that currents (106) and (137) are written
in terms of fields which still must be redefined in accord
with Eqs. (90)-(92).
A. Neutral current-current approximation
At low momenta of the Z-boson, p2  m2Z , one can
replace the Z-propagator by a constant value multiplied
by the delta function and the metric tensor
∆(Z)µν (x1 − x2)→ i
gµν
m2Z
δ(x1 − x2) (138)
In this approximation, we can derive the local current-
current interaction between the leptonic weak neutral
current lNµ and hadronic neutral current j
N
µ . Indeed, in
the Weinberg-Salam model the coupling of the Z-boson
with lNµ can be written as
LZN = g
4 cos θW
Zµl
N
µ , (139)
where
lNµ =
∑
`=e,µ,τ
[
ν¯`γµ(1− γ5)ν` + ¯`γµ
(
4 sin2 θW − 1 + γ5
)
`
]
(140)
Combining this result with Eq. (131), we obtain
LNN = −GF√
2
2 cos θW l
N
µ j
N
µ . (141)
If one takes only the one-particle part in jNµ , it gives
LNN =− GF√
2
[
m2ρ
gρ
(ωµ
3
sin2 θW − ρ0µ cos2 θW + a0µ
)
+ fpi∂µpi
0
]
lNµ + . . . (142)
This expression contains the parity-violating ∆I = 1
changing isospin interactions. For instance, the last
term in (142) yields the e+e−pi0-vertex with the factor
4 sin2 θW − 1. Notice that this small factor would vanish
for sin2 θW = 0.25.
B. Effect of P violation
One of the interesting consequences of the current
(137) is that it generates the flavor-conserving ∆I = 1
parity-violating transitions in hadron processes. In par-
ticular, the effect of P violation in the ∆S = 0, ∆I = 1
channel is carried by the part of the Lagrangian density
(75) which is responsible for the weak ω → a01 transition.
The amplitude for this process is
A =
(
igm2ρ
2 cos θW gρ
)2
1
3
sin2 θW µ(p)
∗
ν(p)
gµν − pµpνm2
Z
m2Z − p2
(143)
For p2  m2Z we can replace the Z-propagator by the
constant value gµν/m
2
Z , leading to the amplitude
A→
(
igm2ρ
2mZ cos θW gρ
)2
1
3
sin2 θW µ(p)
∗
µ(p)
= −GF√
2
(
m2ρ
gρ
)2
2
3
sin2 θW µ(p)
∗
µ(p), (144)
13
where GF is the Fermi coupling constant, which is given
by GF /
√
2 = g2/(8m2W ). This corresponds to the La-
grangian density
Lωa1 = −
GF√
2
(
m2ρ
gρ
)2
2
3
sin2 θWωµ(x)a
0
1µ(x). (145)
X. ONE W -BOSON INTERACTIONS
We will discuss now the structure of the charged
hadronic current jCµ , which is responsible for the single
W -boson interactions of mesons. In this case, the La-
grangian density can be presented in the form
LW = g
(
W+µ j
C
µ + h.c.
)
. (146)
Similar to the previous cases, the charged hadronic cur-
rent can be expressed in terms of two meson matrices
ΞC and Ψ¯C = ΨC − 2m2T+. These matrices accumu-
late the meson part of Ξµ and Ψµ which is responsible
for the non-axial-vector dominant interactions of mesons
with W±. They are extracted as follows
Ξµ → gW+µ ΞC , Ψµ → gW+µ ΨC . (147)
In accord with this prescription, we find that the matrix
elements of ΞC are
ΞC11 = p
−(p3 + is¯0) + s−(s3 − ip0),
ΞC12 = −
√
2
[
p3(p3 + is¯0) + s3(s3 − ip0) + p+p− + s+s−
]
,
ΞC21 =
√
2(p+p− + s+s−),
ΞC22 = −ΞC11. (148)
The matrix ΨC has the following elements
ΨC11 = 2
[
p0p
− + s¯0s− + i(p−s3 − s−p3)
]
+ p3p
− + s3s− + i(s¯0p− − p0s−),
ΨC12 =
√
2
[
p+p− + p20 + s¯
2
0 + s
+s− + i(p0s3 − s¯0p3)
]
,
ΨC21 =
√
2(p−p− + s−s−),
ΨC22 = 2
[
p0p
− + s¯0s− + i(p−s3 − s−p3)
]
− p3p− − s3s− − i(s¯0p− − p0s−). (149)
Finally, let us recall the formula (82). Collecting the
appropriate terms from Ltot, and using our definitions
above, we can write down the expression for the current
jCµ
jCµ =
1
4GV
{
a−µ − v−µ +
κ
2
(ζµ− − ξµ−)
+ κ tr
[
Ψ¯C
(
aµ +
κ
2
ζµ
)
+ ΞC
(
vµ +
κ
2
ξµ
)]}
+ κI2 tr
{5µp ({Ψ¯C , s¯} − i[ΞC , p])
− 5µs
({Ψ¯C , p}+ i[ΞC , s])+ i 2
3
vµν
×
(
[ΞC , vν +
κ
2
ξν ] + [Ψ¯
C , aν +
κ
2
ζν ]
)
+ i
2
3
aµν
×
(
[ΞC , aν +
κ
2
ζν ] + [Ψ¯
C , vν +
κ
2
ξν ]
)
− 2
3
(
∂νvµνΞ
C + ∂νaµνΨ¯
C
)}
. (150)
This current, for instance, can be readily used for the
calculation of the various decay rates of the τ meson.
For that the following current-current approximation is
useful.
A. Charged current-current approximation
Let us consider now the charged leptonic current lCµ
and its Hermitian conjugate one lC†µ
lCµ =
¯`γµ(1− γ5)ν`, lC†µ = ν¯`γµ(1− γ5)`. (151)
These phenomenological currents of the earlier current-
current Fermi model are precisely those used in the gauge
SU(2)L theory. Indeed, the charge-changing part of the
standard model Lagrangian density has the form
LWC = g
2
√
2
∑
`=e,µ,τ
W−µ l
C
µ + h.c. (152)
With the help of Eqs. (146) and (152) we can return
back to the old current-current type Lagrangian density.
The method used remains the same as the one used in
the previous section. As a result we find
LCC = −2GF
∑
`=e,µ,τ
lCµ j
C
µ + h.c. (153)
Correspondingly, the one-particle part of the charged
weak hadron current jCµ has the following contribution
to the effective Lagrangian density
LCC =−GF
∑
`=e,µ,τ
lCµ
[
m2ρ
gρ
(
a−1µ − ρ−µ
)
+ fpi∂µpi
− + . . .
]
+ h.c. (154)
Notice, that the current jCµ contains also many-particle
direct contributions [indicated as a plus followed by sus-
pension points] which are important for the multi-meson
production reactions.
XI. CONCLUSIONS
Starting from an extended U(2)L × U(2)R chiral sym-
metric NJL model with explicit flavour symmetry break-
ing we have derived an effective meson Lagrangian which
describes both the strong and electroweak low-energy in-
teractions of hadrons. This theory describes the phe-
nomenon of dynamical chiral symmetry breaking. As a
result, a non-zero quark anti-quark condensate is gener-
ated and the strong dynamics of the system is described
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by small bosonic excitations (mesons) in the Nambu-
Goldstone ground state. This phenomenon has many
interesting consequences widely discussed in the litera-
ture. In our study we concentrated on the consistent
treatment of the pi − a1 mixing. We have shown that in
presence of the electroweak interactions the elimination
of mixing terms should be performed in accord with the
general requirements of chiral and electroweak symme-
tries. Somehow this point was totally ignored in the lit-
erature. We suggested a self-consistent procedure of co-
variant diagonalization of the mixed terms and obtained
the corresponding effective meson Lagrangian. This La-
grangian contains the essential features of the standard
meson dynamics [Goldberger-Treiman relation, KSFR
relation, approximate Weinberg relation, PCAC, field-
current identities for electro-weak current, universality
of induced meson coupling constants] and gives rise to
some additional consequences. One of them is a devia-
tion from the vector and axial-vector meson dominance
picture. This deviation is a direct consequence of the co-
variant approach, which has been the main focus of the
present work.
One of the interesting future applications of the ob-
tained theory is the study of its anomaly sector. Our
previous investigations have shown that new non-VMD
contributions are responsible for the restoration of the
gauge symmetry for the a1 → γpi+pi− decay amplitude.
However, it would be also important to clarify, in the
study of anomalies, the role of the new contributions,
which originate in the weak sector and induce devia-
tions of the theory from the axial-vector dominance of
the charged hadronic current.
Furthermore, one should mention that the extension of
the chiral group to the SU(3)L × SU(3)R case will allow
us to apply the idea of gauge invariant p − aµ diagonal-
ization to the strange quark physics.
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